A new Compton polarimeter was recently built in experimental Hall C at Jefferson Lab in order to meet the strict requirements on knowledge of electron beam polarization needed for the Qweak experiment. This polarimeter, modeled after the Hall A design[1], utilizes a circularly polarized green laser locked to a Fabry-Perot optical cavity intersecting the electron beam at a small angle (~1.3 o ). Both the scattered electrons and the back-scattered photons are detected separately downstream of the interaction point, providing, in principle, two semi-independent measurements of the electron beam polarization.
Introduction
The Qweak [2] experiment took data in Hall C at Jefferson Lab in Newport News, VA from November 2010 to May 2012 with the purpose of measuring the weak charge of the proton. The stringent error budget of this experiment requires a determination of beam polarization with less than 1% uncertainty. In order to accommodate these demands and those of future experiments, a new Compton polarimeter was built in experimental Hall C and utilized in the Qweak experiment for the measurement of the electron beam polarization. An existing Møller polarimeter was also used to measure the polarization. The Møller polarimeter utilizes a magnetically saturated iron foil inserted into the beam and can be used accurately at currents <5µA. At higher currents, uncertainty due to foil demagnetization from heating becomes significant. Since Qweak routinely took data at 180µA, Møller beam polarization measurements were taken under potentially different beam conditions. The Compton polarimeter has the advantages of being non-invasive, continuous and not limited by high beam current. Although the high currents used in Qweak were optimal for Compton polarimetry, the low beam energies (~1.16 GeV) present the challenge of a small analyzing power for the Compton scattering asymmetry.
The longitudinal polarization of the electron beam is determined by measuring the asymmetry of scattering rates between positive and negative helicity electron beam states with a specific laser helicity state as seen in the equation below: 
Overview

Subsystems and Analysis
The Compton polarimeter is composed of three main subsystems. First, the laser system produces the circularly polarized photon target. Uncertainties arising from this subsystem, such as laser polarization, are common to both the electron and photon detectors. Second, the electron detector proper along with its readout chain. Third, the photon detector along with its electronics readout chain. The third dipole magnet in the chicane is also a part of both the electron and photon detectors acting to separate the scattered electrons both from the backscattered photons and from the unscattered electrons.
Laser System
The photon target is composed of a 10W Coherent Verdi™ [3] laser locked to a FabryPerot optical cavity with a gain of approximately 200. The cavity is 84 cm long crossing the electron beam at a 1.3 o angle. The low-loss cavity mirrors (provided by Advanced Thin Films, Boulder, CO) have a reflectivity of 99.5% and a radius of curvature of 50 cm. The laser is very close to an ideal Gaussian beam with quality parameter M 2 <1.1. The Verdi laser head was retrofitted by Coherent with PZT-actuated mirrors on the internal cavity to allow for feedback on laser wavelength. The light is shaped by a series of lenses on the optics table to match it to the TEM 00 mode of the optical cavity. For purposes of electron beam polarimetry the laser must be circularly polarized. A circularly polarized beam is created by passing the laser through a linear polarizer followed by a quarter-wave plate. A half-wave plate (HWP) is also inserted into the laser after the linear polarizer in order to select the laser helicity. This combination of linear polarizer, HWP and QWP allows any arbitrary polarization and helicity state to be selected. A simplified schematic of the setup is shown in Figure 3 .
Given the a mirror reflectivity of R=0.995 and the cavity length 0.84 m, the finesse of the optical cavity can calculated to be F=630 and the free spectral range 180 MHz fsr = . The cavity linewidth, which is approximately equal to the ratio of the free spectral range to the finesse, is 290 kHz. There was initial concern in the design of the laser system that the intrinsic bandwidth of the laser would be too wide to maintain a clean cavity lock. Coherent TM specifications give the bandwidth of the laser as <5
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MHz over 50 ms. However, the bandwidth of the laser was found to be sufficiently narrow over shorter timescales to allow for a clean lock.
In order for light to build up in the optical cavity, the roundtrip distance must be an integer number of wavelengths of the laser light. This condition is stated mathematically as 2 n L λ = , where L is the cavity length. When this condition is maintained, the cavity is said to be "locked" and light will build up between the cavity mirrors. The cavity is locked using the Pound-Drever-Hall (PDH) [4] locking technique feeding back on the laser wavelength. The PDH prescription utilizes an electro-optical modulator to EOM to modulate the laser frequency. In our case the modulation frequency is 6 MHz. The light reflected from the cavity mirror is monitored using an amplified photodiode connected to an integrating sphere. This reflected photodiode signal is mixed with the modulation frequency and passed through a low pass filter to produce a feedback signal approximately proportional (over a small frequency range centered on cavity resonant frequency) to the difference between laser frequency and the resonant frequency of the cavity. A subsequent servo loop used to maintain the cavity on-resonance was incorporated in a single electronics module (Digilock TM [5] ) purchased from Toptica TM Photonics.
If perfectly circularly polarized light is produced and arrives at the cavity, the reflected light will have the reverse helicity and be blocked by the linear polarizer thus being measured in the reflection monitor. Residual linear polarization will not be completely blocked by the linear polarizer and part of it will travel back to the laser head. This "leakage" light is monitored in the leakage monitor. Minimizing the leaked light maximizes the degree of circular polarization (DOCP) at the cavity. This technique was verified by direct measurement of laser linear polarization in the cavity region and calculating circular polarization as DOCP = 1− P linear 2 , under the assumption that the laser has no unpolarized component. We were able to bound the unpolarized fraction of the laser light to <0.04% by direct measurement. Using this technique of minimizing leakage light we were able to achieve 100(-0.2)% DOCP for most of the Qweak experiment. 
Electron Detector
The electron detector [6] [7] consists of four 0.5 mm x 21 mm x 21 mm diamond planes. Each plane has 96 metal microstrips deposited on the top surface and a single electrode deposited on the bottom surface. Each microstrip is 180 microns wide with a space of 20 microns between adjacent strips. A negative high voltage was applied between the two surfaces across the thickness of the diamond plate with the top surface at zero potential. When an electron enters the diamond strip it creates electron-hole pairs. The electrons migrate toward the top surface creating a pulse on the nearest microstrip. This pulse is then conditioned and shaped before being analyzed by the trigger logic. When an electron track is formed, all the microstrips are read out and stored. For a signal to be considered a valid track, there must be a signal in two or more planes of the same (±2) microstrip number. The integrated number of hits for the two electron beam helicities is determined on a run by run basis and an asymmetry formed for each strip as follows: ) . An example of such an asymmetry spectrum in shown in Figure 5 . This strip by strip asymmetry gives an asymmetry spectrum as a function of distance from the beam and thus, effectively, of electron energy. This asymmetry spectrum is fit to a functional form of the theoretical Compton scattering asymmetry (see Figure 1 ) with two fit parameters, the energy of the kinematic maximum (Compton edge) and the beam polarization. Figure 6 shows the polarization results given by the electron detector for a period of about four months during the Qweak experiment. Polarization results for the Møller polarimeter are also shown on the same plot. The two polarimeters show decent agreement. 
Photon Detector
The photon detector, located downstream of the third dipole, is composed of a 2 x 2 matrix of PbWO 4 crystals each measuring 3 cm x 3 cm x 21 cm. A single 3 inch photomultiplier tube (PMT) is used to collect the light. Rather than recording individual pulses in the photon detector and creating an asymmetry spectrum as in the case of the electron detector, the signal from photon detector is integrated over each helicity window. This measurement is an energy-weighted spectrum integrated over the full range of scattered photon energies from 0 to the kinematic maximum at the Compton edge. The background event spectrum must be accurately measured by turning the laser off and then subtracted from the measured spectrum. For the Qweak experiment the laser was continuously cycled with the laser on for 60 seconds and off for 30 seconds. The average of the background measured during the 30 seconds before and after a 60 second period was subtracted from each laser on period. For the kinematics of the Qweak experiment, the integrated, energy weighted asymmetry is about 2%. In order to obtain electron beam polarization results from photon detector asymmetries, the detector non-linearity must be determined and a precise analyzing power for the PbWO 4 crystals obtained from simulation. Efforts to obtain these are ongoing. Raw asymmetry results for the photon detector are shown in Figure 7 . 
Conclusion
A new Compton polarimeter has been commissioned in Hall C during the Qweak experiment with very promising preliminary results from the electron detector in good agreement with measurements from the existing Møller polarimeter over the same time period. Efforts to obtain polarizations from the photon detector asymmetries are underway. A new method for determining laser polarization, a key systematic error in these measurements, has allowed a precise determination of the degree of circular polarization.
